Histologic and genetic mapping with 30 hypervariable markers mapped to chromosome 16 were performed on 234 DNA samples of ®ve cystectomy specimens from patients with invasive bladder cancer. Allelic losses of individual markers were related to microscopically identi®ed precursor conditions in the entire bladder mucosa and invasive cancer. Their signi®cance for the development and progression of neoplasia from in situ preneoplastic conditions to invasive disease was analysed by the nearest neighbor algorithm and binomial maximum likelihood analysis. Using this approach we identi®ed ®ve distinct regions of allelic losses de®ned by their¯anking markers and predicted size as follows. p13.3(D16S418-D16S406, 1.2 cM), p13.1(D16S748-D16S287, 12.9 cM), q12 1(D16S409-D16S514, 24.0 cM), q22.1 (D16S496-D16S515, 5.4 cM), and q24 (D16S507-D16S511, 5.9 cM and D16S402-D16S413, 17.4 cM). The regions mapping to p13.1 and q24 were involved in early intraurothelial phases of bladder neoplasia such as mild to moderate dysplasia. On the other hand the deleted region mapping to p13.3 was involved in progression of severe dysplasia/carcinoma in situ to invasive bladder cancer. Testing of markers that exhibited statistically signi®cant LOH in relation to progression of neoplasia from precursor conditions to invasive cancer on 28 tumors and voided urine samples from 25 patients with bladder cancer revealed that q12.1 showed LOH in 46.4% of tumor and 32.0% of voided urine samples. The LOH of a single marker D16S541 could be detected in approximately 28% of tumors and 20% of voided urine samples of patients with bladder cancer. These data imply that the deleted region centered around marker D16S541 spanning approximately 10 cM and¯anked by D16S409 and D16S415 contains a novel putative tumor suppressor gene or genes playing an important role in the development of human bladder cancer. To facilitate more precise positional mapping and identi®cation of pathogenetically relevent genes, we analysed of human genome contig and sequence databases spanning the deleted regions. Multiple known candidate genes and several smaller gene-rich areas mapping to the target regions of chromosome 16 were identi®ed Oncogene (2001) 20, 5005 ± 5014.
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Introduction
Alterations of chromosome 16 are implicated in the development of several common human malignancies. Karyotyping studies have shown that clonal deletions of 16q are frequent in carcinomas of the lung, breast, prostate, and liver (Carter et al., 1990; Devilee et al., 1991; Dutrillaux et al., 1990 , Larsson et al., 1990 Pan et al., 1998; Rodgers et al., 1984; Sato et al., 1990 Sato et al., , 1998 Tsuda et al., 1990) . More recently three distinct regions of chromosome 16 involved in breast and prostate cancer were identi®ed by hypervariable marker studies. They were mapped to 16p13, 16q22.1, and 16q24.3 bands, which contain the TSC2/PKD1, Ecadherin, and Fanconi anemia. A tumor suppressor genes, respectively (Asgeirsson et al., 2000; Lininger et al., 1998; Whitmore et al., 1998) .
Here we report the results of our studies on the evolution of allelic losses in the progression of human urothelial neoplasia from preneoplastic conditions to invasive bladder cancer using the strategy of whole-organ histologic and genetic mapping. Allelic losses of chromosome 16 were studied on multiple DNA samples extracted from invasive bladder cancer and from the microscopically identi®ed intraurothelial precursor conditions in the adjacent mucosa of the entire bladder. Using this approach we were able to match the allelic losses of individual markers to progression of urothelial neoplasia from in situ preneoplastic conditions to invasive bladder cancer and identify several novel critical regions of chromosome 16 involved in urinary bladder cancer progression. The markers identi®ed as signi®cantly altered in relation to neoplastic progression were subsequently tested on multiple bladder tumor samples and related to clinico-pathological parameters of the tumors. Finally, the applicability of chromosome 16 allelic losses as noninvasive markers of urothelial neoplasia was tested on voided urine and bladder washing samples from patients with urinary bladder carcinoma. To facilitate further mapping and identi®cation of pathogenetically relevant genes on chromosome 16 involved in bladder carcinogenesis, we analysed available human genome contig and sequencing databases spanning the deleted regions.
Results

Whole-organ histologic and genetic mapping
The initial testing of paired normal and invasive tumor DNA samples from the same patient revealed loss of heterozygosity (LOH) in 11 of 30 tested markers mapped to chromosome 16 (Figure 1) . No shortening or expansion of the repetitive sequences was identi®ed. None of the cystectomy cases used for whole-organ histologic and genetic mapping showed evidence of chromosome 16 monosomy, i.e. none of the cases showed LOH of all informative markers, which would indicate complete loss of chromosome 16. Testing of alterations on multiple samples from the same patient revealed the same pattern of allelic loss, i.e., the same allele was always lost, indicating a clonal relationship exists among the samples with an altered marker ( Figure 2a ). The superimposition of distributions of allelic losses in individual markers over the histologic maps disclosed two basic patterns of chromosome 16 deletions, scattered and plaque-like. Some of the allelic losses involved large areas of urinary bladder mucosa encompassing various precursor conditions and even some adjacent areas of morphologically normal urothelium, which implicated their involvement in early phases of urothelial neoplasia (Figure 2b ). On the other hand, some markers exhibited LOH restricted to severe dysplasia/carcinoma in situ and invasive carcinoma only, suggesting their involvement in the later phases of urothelial neoplasia progressing to invasive disease. The patterns of LOH distribution of the entire chromosome in individual cystectomies were generated by the nearest neighbor analysis (Figure 2c ) The nearest neighbor analysis disclosed that scattered foci of alterations with no apparent relationship to speci®c phases of neoplasia were in fact located within the ®eld change in which other chromosomal regions were deleted and involved larger areas of the urinary bladder mucosa.
For the purpose of binomial maximum likelihood analysis the intraurothelial precancerous changes were classi®ed into two major groups: low-grade intraurothelial neoplasia (mild and moderate dysplasia; LGIN) and high-grade intraurothelial neoplasia (severe dysplasia and carcinoma in situ, HGIN). The analysis of LOD scores revealed that the markers with a statistically signi®cant relationship to the development and progression of urothelial neoplasia were located in several distinct chromosome 16 regions: p13.3 (D16S513); p13.1 (D16S500); q12.1 (D16S541, D16S415); q22.1 (D16S512); q24 (D16S505, D16S520). The location of these regions, their predicted size, and the position of the nearest¯anking markers are shown in Figure 1 . The regions mapping to p13.1, q22.1, and q24 developed allelic losses early during the development of urothelial neoplasia, involving areas of urinary bladder mucosa with LGIN as well as adjacent areas of normal urothelium. In contrast, a p13.3 developed LOH in late phases of urothelial neoplasia, and it was associated with HGIN progressing to invasive carcinoma. In addition, allelic losses within the q12.1 were statistically signi®cant for the development of early phases of urothelial neoplasia such as LGIN, but they were not associated with progression to HGIN and invasive carcinoma. Such patterns of alteration suggested that LOH in this area may not be functionally signi®cant for the progression of preneoplastic changes to invasive disease.
Testing of allelic losses on chromosome 16 in bladder tumors and voided urine samples
The markers that exhibited statistically signi®cant relationships to the development and progression of urothelial neoplasia as revealed by the whole-organ histologic and genetic mapping as well as their nearest nonaltered¯anking markers were tested on multiple bladder tumors and voided urine samples of the patient with bladder cancer corresponding to dierent pathogenetic subsets, grades, and stages of the disease (Table 1 ). The frequencies of alterations in individual markers as well as in their corresponding chromosomal regions are provided in Table 2 . Alterations of at least one of the tested markers could be identi®ed in 82.1% of tumors and 60.0% of voided urine samples of patients with TCC. Moreover alterations of multiple markers mapped to selected regions of chromosome 16 (42 markers) could be identi®ed in 39.3% of bladder tumor and 32.0% of voided urine samples of patients with bladder cancer. The allelic losses involving q12.1, p13.1, and q24 were the most frequent and could be identi®ed in 46.4, 28.6 and 21.4% of tumor samples, respectively. The alterations in these regions could be also documented in 20 ± 32% of voided urine samples. Interestingly, the allelic losses of a single marker, D16S541,¯anked by D16S409 and D16S415 and spanning 10 cM, could be identi®ed in 28.6% of tumor and 20.0% of voided urine samples of the patient with bladder cancer de®ning the most frequently deleted region of chromosome 16 involved in urinary bladder cancer. The analysis of available contig and sequencing data spanning the deleted regions of chromosome 16 is summarized in Figure 3 . The ®ve deleted regions of chromosome 16 contain 88 known genes, some of them with potential tumor suppressor gene activities. In addition multiple ESTs were assigned to individual deleted regions identifying several smaller gene-rich areas. The two most frequently deleted regions mapping to 16q12.1 and q22.1 contained several smaller areas with particularly high densities of ESTs and of known genes with putative tumor suppressor activities, further supporting the concept of their potential pathogenetic relevance for bladder carcinogenesis.
Discussion
Whole-organ histologic mapping together with polymorphic DNA markers and other molecular probes is a powerful tool for studying the genetic and molecular events involved in bladder cancer development and progression (Chaturvedi et al., 1997; Czerniak et al., 1999 Czerniak et al., , 2000 . The major advantages of this approach are that the entire mucosa of the aected organ is included in the analysis and the alterations are analysed in continuity with disease progression from morphologically normal urothelium through microscopically recognizable in situ precursor lesions to invasive cancer. Using this method, we identi®ed ®ve distinct regions of allelic losses on chromosome 16, mapped to p13.3(D16S513), p13.1(D16S500), q12.1(D16S541, D16S415), q22.1(D16S512), q24(D16S505, D16S520), that may contain tumor suppressor genes involved in urothelial carcinogenesis. The allelic losses within regions mapped to 16q13.1 and 16q24 were the most frequent and could be identi®ed in approximately 20 ± 45% of bladder tumors as well as in 20 ± 30% of voided urine samples of patients with bladder cancer. Moreover the LOH of a single marker (D16S541) with a statistically signi®cant LOD score for HGIN progressing to invasive cancer could be detected in approximately 28% of bladder tumors and 20% of voided urine samples of patients with TCC. These data implicate the deleted region centered around D16S541 and¯anked by D16S409 and D16S415 spanning approximately 10 centimorgans may contain important tumor suppressor gene/genes frequently involved in progression of intraurothelial neoplasia to invasive bladder cancer. In order to place and reorient the position of markers de®ning the deleted regions, we looked for overlap between the originally used markers and those used to generate the most updated version of GeneMap99. The aim of these analyses was to ®nd the new positions for markers based on physical map data and identify the nearest substitute markers for those markers, which are not present on the radiation hybrid panel-based physical map produced by the International Radiation Hybrid Mapping Consortium. Finally, multiple searches of available sequence data were performed to locate and orient the markers with statistically signi®cant LOH and identify the position of known genes and ESTs within the deleted regions. This approach produced the most complete, currently available, sequence-based map of the deleted region on chromosome 16 involved in bladder neoplasia and identi®ed several smaller gene-rich areas as potential targets for more accurate future mapping. It should be noted that these data represent a snapshot of human genome databases available at the time of this analysis (January 2001). The rapidly developing human genome databases and its associated analytical tools will necessitate a constant reanalysis of the data presented here.
The original histological maps of cystectomy specimens were performed approximately two decades ago and provided the foundation for the generally accepted dual-track concept' of the development of urinary bladder cancer (Koss et al., 1974 (Koss et al., , 1977 Koss, 1979; Koss and Czerniak, 1991) . It postulates that urothelial tumors arise via two distinct but often overlapping pathways, papillary and nonpapillary (Czerniak et al., 1992; Cairns et al., 1994; Spruck et al., 1994) . Strong evidence exists that the development of both papillary and nonpapillary tumors is preceded by clonal expansion of clinically occult but genetically abnormal urothelial cells that may or may not be associated with microscopically recognizable intraurothelial precursor conditions. It is generally accepted that the low-grade super®cial papillary lesions originate from the urothelial mucosa microscopically characterized by urothelial hyperplasia and a mild degree of atypia, frequently referred to as minimal urothelial dysplasia. The high grade invasive urothelial carcinoma typically presents in a patient without prior history of super®cial papillary lesions and represents a progression of highgrade intraurothelial neoplasia i.e. severe dysplasia or carcinoma in situ. The genetic and molecular dierences between the two pathways seem to be predominantly quantitative. In general, low-grade super®cial papillary tumors exhibit fewer chromosomal changes than high-grade carcinomas, particularly regarding extra copies of chromosome 1 and 7 and deletions of chromosome 9 (Spruck et al., 1994; Czerniak and Herz, 1995) . On the other hand, high-grade invasive bladder cancers are characterized by cumulative rearrangements, deletions, and ampli®cations of multiple chromosomes, particularly chromosome 3, 11, 17, 18, and 22 as well the alterations of several major tumor suppressor genes such as p53, RB, and other genes within their respective regulatory pathways (Chang et al., 1995) . Our prior studies using whole-organ histologic and genetic mapping of several other chromosomes provided strong evidence that the initial phases of urothelial neoplasia may represent clonal expansion of genetically abnormal urothelial cells common for both pathways of bladder neoplasia which exhibit deletions in several regions on chromosome 9 (Czerniak et al., 1999) . Example of a marker D16S541 tested on multiple mucosal samples from the same cystectomy specimen (map 4). Sample 1 represents allelic patterns of the marker from peripheral blood lymphocytes of the same patient and serves as control. Marker D16S541 shows LOH in samples corresponding to microscopically normal urothelium (samples 2 ± 5, 7, and 8), LGIN (samples 9 ± 11, and 19) and invasive TCC (sample 24). The presence of LOH in all samples was con®rmed by densitometry and is expressed as OD ratio below each sample. OD ratio 40.5 was considered indicative of LOH. (b) Example of chromosome 16 allelic losses in a single cystectomy specimen with invasive TCC assembled by nearest neighbor analysis. The vertical axis represents a chromosome 16 vector with positions of markers and their chromosomal locations. Only markers with LOH are shown. The shaded blocks represent areas of urinary bladder mucosa with LOH as they relate to progression of neoplasia presented by a histologic map of cystectomy in the background. The code for histologic map is as shown in (c). (c) Example of whole-organ histologic and genetic map of a cystectomy specimen showing distribution of LOH in three markers on chromosome 16. Markers D16S505 and D16S520 show an almost identical overlapping plaque-like LOH involving a large area of urinary bladder mucosa corresponding not only to invasive cancer but also to areas of bladder mucosa with HGIN, LGIN, and microscopically normal urothelium. Such pattern of involvement implies that the concurrent allelic losses of these markers represent early hits in bladder carcinogenesis. On the other hand LOH of marker D16S415 involves a smaller area of urinary bladder mucosa corresponding to HGIN and invasive cancer only, and so indicates that the allelic loss of this marker occurred later in urinary bladder cancer development. Histologic map code: (1) normal urothelium; (2) mild dysplasia; (3) moderate dysplasia, (4) severe dysplasia, (5) carcinoma in situ; (6) transitional cell carcinoma make them useful as noninvasive markers for detection of occult bladder cancers in voided urine samples (Czerniak et al., 1999; Mao et al., 1996; Steiner et al., 1997) . Given a large size of these regions, which span several centimorgans, the task of identifying pathogenetically relevant gene or genes in this area would be extremely complex if a conventional positional cloning approach were used. However, with the advent of novel BAC-based DNA microarray technologies, mapping of large chromosomal segments becomes feasible (Hughes et al., 2000; Lucito et al., 2000) . We believe that our data will facilitate such studies, which may in turn lead to the identi®cation of novel unknown genes involved in clinically occult preinvasive phases of human bladder neoplasia.
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Materials and methods
Histologic and genetic mapping
Five cystectomy specimens with invasive urothelial carcinoma were used for whole-organ histologic and genetic mapping and were prepared as previously described (Chaturvedi et al., 1997) . All cases represented previously untreated sporadic carcinoma of the bladder. None of the cases occurred in the known familial syndrome predisposing to the development of urinary bladder cancer. All patients were males, and their age ranged from 47 to 78 years (mean=66.4+11.9 years s.d.). The tissue of interest was identi®ed microscopically and microdissected from the frozen block. DNA was extracted from cell suspensions containing at least 90% microscopically recognizable intact urothelial cells. Cystectomy specimens yielding less pure cell suspensions were not included in this study.
We obtained 49, 39, 65, 42 , and 39 mucosal samples respectively from each bladder. In four cases, a single focus of grade 3, nonpapillary urothelial carcinoma invading the muscularis propria, was present. It was accompanied by extensive precancerous lesions ranging from mild dysplasia to carcinoma in situ. In one case (map 3), multiple foci of carcinoma were present. One focus represented a grade 3 nonpapillary urothelial carcinoma with transmural invasion of the bladder wall and involvement of the perivesical adipose tissue. Two additional foci of carcinoma represented grade 3 papillary urothelial carcinoma without invasion. Like the other four cases, extensive areas of the urinary bladder mucosa in this case exhibited changes ranging from mild dysplasia to carcinoma in situ.
Tumor, voided urine samples, and clinico-pathological data Fresh samples of urinary bladder tumors from 28 patients and voided urine samples from 25 patients with TCC were used to study the allelic losses. The markers of chromosome 16 that were identi®ed as signi®cantly altered by the superimposed histologic and genetic mapping were tested in 28 tumor samples and 25 voided urine samples. The intraurothelial precancerous changes were microscopically classi®ed as mild, moderate, or severe dysplasia or as carcinoma in situ. The TCCs were classi®ed according to the three-tier histologic grading system of the World Health Organization (Mosto® et al., 1999) . The growth pattern (papillary versus nonpapillary), and depth of invasion according to the TNM staging system were also recorded (Sobin and Wittekind, 1997) . DNA was extracted from individual bladder tumors and sediments of voided urine samples as previously described (Chaturvedi et al., 1997) . For controls, DNA was also extracted from the peripheral blood lymphocytes and/or normal tissue in the resected specimens from each patient. 
Microsatellites
A set of primers for 30 microsatellite markers on chromosome 16 based on an updated Genethon microsatellite map was purchased from Research Genetics (Huntsville, AL, USA), (Gyapay et al., 1994) . The markers selected for testing exhibited high levels of heterozygosity and relatively uniform distribution, i.e. they covered all regions of chromosome 16. The allelic patterns of markers were resolved on polyacrylamide gels after their ampli®cation using the polymerase chain reaction as previously described (Chaturvedi et al., 1997) . A minimum 50% reduction in signal intensity was required to be considered evidence of LOH. Tests with questionable results were repeated. In such cases the densitometric measurements were performed to ensure objective reading of the data. Testing of markers was performed in two phases. Initially, all 30 markers were tested on paired non-tumor versus tumor DNA samples. This revealed LOH of 13 markers, which were subsequently tested on all mucosal samples to generate whole-organ histologic and genetic maps.
Analysis of LOH data
The data were analysed as previously described (Chaturvedi et al., 1997) . In brief, three-dimensional displays of LOH distribution patterns in relation to progression of the neoplasia from precursor intraurothelial conditions to invasive cancer were generated and initially analysed by the nearest-neighbor analysis (Hartigan, 1975) . The signi®cance of LOH in individual markers for progression of urothelial neoplasia from precursor conditions to invasive carcinoma was tested by a binomial maximum likelihood analysis, and the signi®cance of the relationship was expressed as a LOD score. Cumulative LOD scores were calculated at variable y (0.01, 0.5, and 0.99). Stringency level 1 designated LOD scores for speci®c stages of neoplasia. Stringency level 2 designated LOD scores for progression to higher stages of neoplasia. The pattern of LOD score 3 at=0.01 or 0.99 and LOD score 53 at=0.5 for the same marker were considered signi®cant. The strongest association between an altered marker and neoplasia was when a LOD score was 3 at=0.99 and 0.5 and 53 at=0.01. In this approach, the geographic relationship between LOH and speci®c phases of urothelial neoplasia was more important than the absolute number of alterations in individual mucosal samples and/or cystectomy specimens.
Therefore, LOH of a tested marker seen in several cystectomy specimens but without a geographic relationship to speci®c phases of neoplasia was not identi®ed as statistically signi®cant. On the other hand, LOH of limited number of samples which corresponded to distinct phases of bladder cancer development and progression was typically identi®ed as signi®cant. The use of LOD scores in this analysis was not the same as that commonly used in linkage analysis of familial genetic predisposition for diseases (Ott, 1991) . Rather, it was intended to be used in its generic mathematical sense as a likelihood test of events (Brownlee, 1965) . We used the LOD score variant of the likelihood test, as many researchers are more familiar with approximate levels of signi®cance when expressed in this form. The relationships among LOH in individual loci and various clinico-pathological parameters of tumors and of voided urine samples were tested by Gehan's generalized Wilcoxon and log-rank tests (P40.05 was considered signi®cant).
